This study was designed to determine the potential mechanism/mechanisms of previously observed enhanced fetal cortisol secretion following exposure to long-term hypoxia (LTH). Pregnant ewes were maintained at high altitude (3820 m) for approximately the last 100 days of gestation. Between the gestation days of 138 and 141, adrenal glands were collected from LTH and age-matched normoxic control fetuses. Cyclic adenosine monophosphate (cAMP), cortisol, and steroidogenic acute regulatory (StAR) protein were measured in response to adrenocorticotropic hormone (ACTH) stimulation. Cortisol responses to ACTH were also measured in the presence of the protein kinase (PKA) inhibitor H-89, proopiomelanocortin (POMC), or 22-kDa pro-ACTH. Cortisol output was higher in the LTH group compared to the control (P < .05), following ACTH treatment while the cAMP response was similar in both groups. Although PKA inhibition decreased cortisol production in both groups, however no differences were observed between groups. Western analysis revealed a significant increase in protein expression for StAR in the LTH group (P < .05, compared to control). Proopiomelanocortin and 22-kDa pro-ACTH did not alter the cortisol response to ACTH treatment. Results from the present study taken together with those of previous in vivo studies suggest that the enhanced cortisol output in the LTH group is not the result of differences in cAMP generation or PKA. We conclude that enhanced cortisol production in LTH adrenals is the result of enhanced protein expression of StAR and potential downstream signaling pathways.
Introduction
The hypothalamic-pituitary-adrenal (HPA) axis is a key component of the stress response during fetal development governing the production of cortisol from the adrenal cortex. Cortisol plays a pivotal role in lipolysis, glycogenolysis, and protein catabolism, and in fetal sheep increased fetal adrenal cortisol biosynthesis during the last 3 weeks of gestation is essential for organ maturation. The classic studies of Liggins 1 showed fetal cortisol also play an important role in the initiation of parturition in this species. However, prematurely elevated levels of glucocorticoids can have negative effects on the fetus by suppressing anabolic processes resulting in muscle atrophy and delayed maturation and organ growth. 2 Therefore, regulation of adrenal cortisol biosynthesis must be well coordinated for effective responses to stress as well as to allow effective organ maturation and successful timing of delivery.
A wide range of stressors activates the fetal HPA axis, one of the most potent being hypoxia. Although much is known about the effects of acute hypoxia on fetal HPA function, [3] [4] [5] [6] very little is known about the effects of long-term hypoxia (LTH) on the fetal HPA axis including cortisol biosynthesis. Using a unique model of high-altitude hypoxia during gestation in sheep, our laboratory has demonstrated a significant number of adaptive changes in the fetal HPA axis response to LTH. We have shown that LTH increases the processing of proopiomelanocortin (POMC) to adrenocorticotropic hormone (ACTH) in the anterior pituitary of fetal sheep near term, 7 resulting in elevated basal plasma ACTH in the LTH fetuses compared to the normoxic control group. In addition, the LTH fetuses also exhibited elevated circulating levels of the ACTH precursors (POMC and 22-kDa pro-ACTH). Despite higher levels of basal plasma ACTH , basal plasma cortisol concentrations in the LTH group remained the same as control and were accompanied with a decreased adrenocortical expression of key steroidogenic enzymes, P450 cholesterol side chain cleavage (CYP11A1), and P450 17a-hydroxylase (CYP17), in the LTH fetuses when compared to the normoxic controls. 8 Schwartz et al, 9 showed that POMC and 22-kDa pro-ACTH exert a significant inhibitory effect on ACTH-induced cortisol synthesis in ovine fetal adrenal cortical cells (FACs) in vitro. These data suggest that under basal conditions, the elevated levels of ACTH precursors play a role in maintaining normal cortisol secretion despite elevated ACTH levels in the LTH fetus. However, despite these differences, LTH fetuses demonstrate an enhanced cortisol response to a secondary stressor such as umbilical cord occlusion 10 or hypotension 11 compared to normoxic controls and as such are able to overcome a putative inhibitory signal governing the adaptive basal adrenocortical function.
A key question arising from these studies is what is the mechanism that is responsible for this adaptation observed in the LTH fetus at the level of the adrenal gland? ACTH, via cyclic 3,5-adenosine mono phosphate (cAMP) and its protein kinase (PKA), initiates steroidogenesis by liberating cholesterol via cholesterol esterase. Protein kinase also activates steroidogenic acute regulatory (StAR) protein, transferring cholesterol to the inner mitochondrial membrane where CYP11A1 (P450 side chain cleavage) metabolizes cholesterol to pregnenolone, the initial limiting step in steroidogenesis. 12, 13 We designed the present study to test the hypothesis that the enhanced cortisol output following a secondary stressor in LTH fetuses is the result of enhanced activity of the cyclic cAMP), PKA, or the StAR protein pathway. We also determined whether the LTH alters FAC sensitivity to the ACTH precursors POMC and 22-kDa pro-ACTH.
Methods

Animals Procedures
All procedures were conducted with approval of the Institutional Animal Care and Use Committees (Loma Linda University School of Medicine, Loma Linda, California). Pregnant sheep were transported to Barcroft Laboratory White Mountain Research Station in Bishop, California, at an elevation of 3820 m at *day 40 of gestation and maintained at this facility to near term (term ¼ 146 days) at which time they were transferred to Loma Linda University. Upon arrival, hypoxia was maintained in these animals by nitrogen infusion through a maternal tracheal catheter to maintain maternal arterial PO 2 levels similar to that observed at high altitude (*60 mm Hg) as previously described. 10, 11 On days 138 to 141 of gestation both normoxic control and LTH ewes were sedated with pentobarbital sodium, intubated, and maintained under general anesthesia with 1.5% to 2% halothane in oxygen. Fetuses were then delivered through a midline laparoptomy, and the fetal adrenal glands were collected in ice-cold media M-199 (Sigma-Aldrich, St. Louis, MO), containing 2.2 g sodium bicarbonate, 2.0 g bovine serum albumin, and 0.1 g L-glutamine.
Adrenocortical Cell Dispersion
The adrenal cortex was separated from the medulla, enzymatically dispersed in 0.4% collagenase solution containing 40 mg collagenase Type II (Worthington Biomedical, Lakewood, NJ), 40 mg of Polypep bovine protein digest (Sigma), and 100 mL of DNase I (Type IV) from Sigma-Aldrich (dissolved in 10 mL of sodium Krebs buffer). Following dispersion, FACs were aliquoted (2.5Â 10 5 cells) into individual tubes or 24-well cell culture plates with media (M-199) and allowed to equilibrate for 2 hours prior to initiation of each study as required by each experimental protocol. Cell viability was confirmed by Trypan blue exclusion.
Cyclic 3,5-Adenosine Mono Phosphate and Cortisol Responses to ACTH
For assessment of cortisol responses to ACTH, FACs, in duplicate, were treated with 10 nmol/L ACTH, and cells and media were collected at 0 (baseline), 15, 30, and 60 minutes after treatment, frozen in liquid nitrogen, and stored at À80 C until determination of cAMP and cortisol, respectively.
Effects of PKA Inhibition on Cortisol Biosynthesis
The role of the cAMP-dependent PKA on cortisol biosynthesis was determined by pretreating FACs (2.5 Â 10 5 cells/well; in triplicate) with the PKA inhibitor, H-89 (5 mmol/L) for 1 hour followed by ACTH treatment (100 pmol/L). Media samples were collected at 0 minutes (baseline) and 1 hour after addition of ACTH. All media samples were frozen in liquid nitrogen for determination of cortisol.
Effects of POMC and 22-kDa Pro-ACTH on Cortisol Biosynthesis
Recombinant ovine POMC and 22-kDa pro-ACTH were produced as previously described. 14 
Cyclic 3,5-Adenosine Mono Phosphate Analysis
Upon retrieval from À80 C, tubes containing FACs were thawed in ice/water and the media was carefully removed from the pelleted cells. Tissue was homogenized using a pestle mortar for 3 minutes/sample, on ice, adding 100 mL ice-cold 6% trichloroacetic acid (TCA) in 1.5 mL polypropylene tubes. Following homogenization, the tube and pestle tip were rinsed with 200 mL 6% TCA (2Â) to obtain a final total volume of 600 mL. Samples were incubated for an additional 45 minutes. At the end of the incubation step, the samples were centrifuged at 2000g for 15 minutes at 4 C, the supernatant recovered, and transferred to 50 mL conical tubes. The supernatant was extracted 3 times with 5 parts of water saturated diethyl ether. The upper ether layer was aspirated and discarded after each wash. After the ether was fully evaporated from the sample, 400 mL of the supernatant was transferred into polypropylene tubes and dried under a stream of nitrogen at 60 C. Samples were stored at À80 C until the day of analysis. Cyclic 3,5adenosine mono phosphate was analyzed using a cAMP ( 125 I) assay system nonacetylation procedure radioimmunoassay (RIA) from GE HealthCare (Piscataway, NJ). On the day of assay, the dried extracts were reconstituted in 1000 mL volume of assay buffer prior to analysis and the procedures for cAMP determination were followed per manufacture's instructions.
Cortisol Assay
Cortisol was measured using a commercially available enzyme-linked immunosorbent assay (ELISA) cortisol Kit (Oxford Biomedical Research, Oxford, MI) that has been previously described and validated for use in our laboratory. 15, 16 Western Blot Analysis of StAR Protein Steroidogenic acute regulatory protein was analyzed from FACs collected at 0 (baseline) and 60 minutes for both normoxic control and LTH groups, as described above. Fetal adrenal cortical cells were lysed in 100 mL of lysis buffer (97.9% prelysis buffer [150 mmol/L NaCL, 50 mmol/L Tris-HCL, 10 mmol/L EDTA, 0.01% Tween-20, 0.01% b-mercaptoethanol], 1.67% phenylmethanesulfonylfluoride [PMSF], 0.2% leupeptin, 0.1% DTT, 0.04% aprotinin [Sigma, St Louis, Missouri]) and left on ice for 40 minutes. Homogenates were centrifuged at 15 000g for 15 minutes at 4 C and the resulting supernatants aliquoted and stored at -80 C. Protein concentration was determined using a bicinchoninic acid (BCA) protein assay (Pierce Bioreagents, Rockford, Illinois) with bovine serum albumin as the standard. Absorbance was measured at 595 nm on a Perkin Elmer (Watham, Massachusetts) bioassay plate reader. Steroidogenic acute regulatory protein expression was determined by Western blotting using methods that we have previously described and validated. 7, 8 Briefly, protein samples were denatured for 5 minutes at boiling temperature, then, a total of 10 mg of protein were loaded per lane. Protein samples were separated using 15% polyacrylamide gels (Bio-Rad, Hercules, CA) and subjected to electrophoresis (sodium dodecyl sulfate polyacrylamide gel electrophoresis [SDS-PAGE]) in running buffer containing 30 mL Tris/glycine/SDS stock, and 270 mL distilled water at room temperature. Electrophoresis was performed at 121 volts for 55 minutes and protein transferred to nitrocellulose membranes using a Transblot cell apparatus (Bio-Rad) at 4 C, 270 mA for 2 hours. The transfer buffer consisted of 80 mL of concentrated transfer buffer, 160 mL of methanol (analytical reagent grade), and 560 mL of distilled water. Nitrocellulose membranes were subsequently incubated with a rabbit polyclonal StAR primary antibody (Abcam, Product# ab3343). The primary antibody solution contained 5% nonfat dry milk (0.5 g) in 10 mL of Tris-Buffered Saline containing 0.1% Tween 20 (TTBS). The primary antibody was added at a 1:1000 dilution (10 mL of primary antibody in 10 mL blocking solution) and membranes incubated at 4 C overnight on a 3-dimensional (3D) rotator. The membranes were then washed 3Â, 15 minutes each with TTBS washing buffer on a 3D rotator and incubated with anti-rabbit immunoglobulin G ([IgG] Goat), horseradish peroxidase (HRP)-labeled, secondary antibody (NEF812, Perki-nElmer) solution at a 1:5000 dilution (10 mL of secondary antibody in 50 mL blocking solution) for 75 minutes on a 3D rotator at 4 C. The membranes were then washed 3Â, 15 minutes each with TTBS washing buffer on a 3D rotator, treated with chemiluminescence solution (Chemi-Glow, Alpha Innotech, San Leandro, CA) prior to imaging with the FluorChem imaging system (Alpha Innotech), as we have previously described. 16 The integrated density values (I.D.V.) of the bands were used to compare normoxic control and LTH StAR protein expression. An internal positive standard prepared from whole fetal adrenal tissue was used to normalize StAR protein.
Statistical Analysis
Differences between normoxic control and LTH FACs were compared using analysis of variance (ANOVA), with Bonferroni posttests used were appropriate and P < .05 was considered significant. All data are presented as means + standard error of mean (SEM).
Results
Cortisol and cAMP Responses to ACTH
Basal cortisol secretion in control FACs remained relatively constant throughout the study period ( Figure 1A) . In contrast, in the LTH group, cortisol secretion increased steadily during the study period and was significantly greater than control (P < .05) at 30 and 60 minutes ( Figure 1A ). Following ACTH treatment, there was a significant increase in cortisol biosynthesis in both control and LTH FACs ( Figure 1B ). However cortisol output was significantly higher in the LTH group when compared to the control, (P < .05) at 15, 30, and 60 minutes. Basal cAMP levels were not different between groups ( Figure  2A) . In response to ACTH, there was a marked increase in cAMP levels in both control and LTH FACs. However, there was no difference in cAMP levels between control and LTH FACs at any of the time points measured.
Effects of PKA Inhibition on Cortisol Biosynthesis
Similar to the studies presented in Figure 1 , the cortisol response to ACTH was significantly greater in the FACs from the LTH group compared to control at 1 hour (Figure 3 ). In response to H-89 inhibition of PKA, cortisol biosynthesis was decreased to levels observed in the unstimulated FACs in both groups and the overall percentage decrease in cortisol response with H-89 was similar in both control (28.7 + 3.4) and LTH (23.2 + 3.9; P > .05).
Steroidogenic Acute Regulatory Protein Expression
Western analysis of StAR showed that the mature, inactive (30 kDa) form of StAR was significantly higher in the LTH group when compared to the normoxic control (P < .05) under unstimulated conditions (1.02 + 0.07 vs 0.59 + 0.05, LTH vs control, respectively), and at 60 minutes following ACTH treatment (1.26 + 0.04 vs 0.65 + 0.05, LTH vs control, respectively), I.D.V. (Figure 4 ).
Proopiomelanocortin and 22-kDa Pro-ACTH
Proopiomelanocortin and 22-kDa pro-ACTH alone did not affect basal cortisol synthesis in either control or LTH FACs ( Figure 5 ). In response to ACTH treatment, there was a significant increase in cortisol biosynthesis in both control and LTH FACs. However, the cortisol response in the LTH group was greater than control (P < .01). Simultaneous treatment with ACTH and either POMC or 22-kDa pro-ACTH did not affect cortisol synthesis compared to ACTH treatment alone.
Discussion
Our laboratory has previously demonstrated that LTH results in a significant number of adaptive changes in the fetal HPA axis. Under basal conditions, despite higher plasma levels of immunoreactive ACTH in the LTH fetus, cortisol concentrations are similar to normoxic controls. 7, 11 However, in response to a secondary stressor such as umbilical cord occlusion, LTH fetuses exhibited an enhanced cortisol response compared to normoxic controls. 10 Similarly, in response to a less severe secondary stressor (hypotension), the cortisol response was also enhanced in the LTH fetal sheep. 11 We also showed that LTH increases plasma ACTH precursors (POMC and 22-kDa pro-ACTH). 7 Taken together, these results suggest that the fetal adrenal sensitivity to ACTH decreases in response to development under conditions of LTH preventing overactivation or early-activation of the FAC maturation while the capacity to respond to acutely elevated ACTH during stress is enhanced. We designed the present study to address potential cellular mechanism/mechanisms of the enhanced cortisol secretion in response to elevated ACTH and the response to the putative inhibitory ACTH precursors.
In an effort to elucidate these adaptive changes, we utilized an in vitro, primary cell culture system. An initial step was to determine the response of the LTH FACs to ACTH in vitro. There was a significant increase in cortisol biosynthesis in both control and LTH FACs in response to ACTH. However, the overall response in the LTH group was greater than control. Importantly, this response mimics what we previously observed in vivo studies in response to secondary stressors. 10, 11 Since we previously showed that messenger RNA (mRNA) for the ACTH receptor and mRNA and protein expression for the key steroidogenic enzymes CYP11A1 and CYP17 involved in cortisol synthesis are actually reduced in response to LTH, 8 it was apparent that other mechanisms are involved in this enhanced response to ACTH in the LTH group.
Adrenocorticotropic hormone mediates its signal transduction primarily via activation of adenylate cyclase resulting in cAMP generation and downstream protein kinase A activation. 17, 18 Since this is the first key step in this signaling pathway, we hypothesized that the LTH FACs would demonstrate an enhanced cAMP response. In the present study, however, cAMP levels increased during the first 30 minutes following ACTH stimulation and remained elevated throughout the remainder of the experiment with values similar between groups (Figure 2 ). Considering that we previously observed a nearly 50% decrease in ACTH receptor expression in the LTH FAC, 19 the retained capacity to produce cAMP compared to control fetuses would suggest that some aspect of adenylate cyclase activation has been increased to compensate for the lower ACTH receptor expression. This could be via increases in either G as expression or increases in adenylate cyclase itself. Alternatively, phosphodiesterase activity could be suppressed in the LTH FACs providing for elevated cAMP levels despite lowered ACTH receptor expression. In the present study, we did not use a phosphodiesterase inhibitor since we wanted to focus on cortisol production associated with physiological levels of cAMP in a manner similar to other studies. [20] [21] [22] Clearly, future studies will be needed to resolve differences in the expression and or coupling of G as /adenylate cyclase to the ACTH receptor and/or phosphodiesterase activity.
Since cAMP production was similar in LTH and control FACs, yet cortisol production elevated in LTH FACs, PKA itself might represent a site mediating the increased cortisol production in response to ACTH. In the present study, we chose to examine the role of PKA utilizing the PKA inhibitor, H-89. The results from this study showed that inhibition of PKA in ovine FACs plays an important role in the regulation of ACTH-induced cortisol synthesis consistent with adult adrenocortical cells. As observed in the cAMP study above, the cortisol response to ACTH alone was significantly greater in the LTH FACs compared to control (Figure 3 ). Importantly this same difference was observed when we used a more physiological dose of ACTH (100 pmol/L) and peak values were similar to when 10 nmol/L ACTH was used. In response to H89 inhibition of PKA, the net decrease was significantly greater in the LTH group compared to control. However, this was the result of the enhanced cortisol response to ACTH alone. However, the overall percentage inhibition of the cortisol response to ACTH was similar in both groups, suggesting that PKA activity is similar in control and LTH FACs. To our knowledge, these are the first studies to directly demonstrate the role of PKA in cortisol biosynthesis in the ovine fetal adrenal.
One of the initial steps in steroidogenesis is the transfer of cholesterol to the inner mitochondrial membrane via StAR 23 and is regarded the first rate-limiting step in steroidogenesis. Hypoxia was previously shown to enhance StAR protein expression in neonatal rat adrenal glands. 24 Recent studies from our laboratory showed that StAR expression was greater in the LTH FAC tissue when compared to control. 8 This implicates StAR as a potential key target for the enhanced cortisol synthesis observed in the present study in the LTH FACs. These results suggested that StAR might play a more important role during the process of glucocorticoid synthesis under conditions of LTH. Since StAR protein is involved in the transfer of cholesterol from the outer to the inner mitochondrial membrane, elevated StAR may serve to provide more cholesterol for processing to cortisol, suggesting that enhanced cholesterol delivery may occur in these animals to compensate for lower CYP11A1 and CYP17 expression. In the present study, Western analysis showed that the mature, inactive (30 kDa) form of StAR was increased in the LTH group when compared to the normoxic control substantiating the in vivo findings. StAR expression was significantly elevated in LTH adrenocortical cells (both basal and after 1 hour of ACTH stimulation). In the absence of ACTH, there was elevated cortisol production in the LTH cells compared to control, likely reflecting basal cholesterol transport due to the higher StAR. In response to ACTH, the elevated StAR would facilitate the increased steroidogenesis observed in the LTH adrenocortical cells. Although phosphorylation of StAR via PKA is thought to activate StAR translocation and thus cholesterol transfer, we were unable to evaluate differences in StAR phosphorylation between LTH and control FACs since there are currently no antibodies available for detecting phospho-StAR in ruminants. A role for StAR in the enhanced cortisol biosynthesis in LTH FACs is also supported by our prior observation that there are no differences in expression of downstream steroidogenic enzymes, CYP21 8 and CYP11B1 (Myers DA and Ducsay CA, Unpublished observations.). This would likely implicate early steps in cortisol biosynthesis that are the target of LTH. An intriguing aspect for future studies would also be to examine whether differences exist in the LTH FACs in mitochondrial numbers and/or mitochondrial function.
An important characteristic of PKA is that its role in phosphorylation is short lived and reversible, with dephosphorylation mediated by phosphoprotein phosphatases. 25 There are various studies that have shown that phosphoprotein phosphatases (PP1, PP2A, and PP2B) are highly expressed in the adrenal and luteal cells. [26] [27] [28] Recent data suggest that phosphoprotein phosphatases may play a role in the regulation of StAR protein expression and cortisol biosynthesis. [29] [30] [31] Studies have shown that inhibition of PP1 and PP2A activities with calyculin A and cantharin causes an inhibition of StAR protein expression, and a dose-response inhibition of steroidogenesis. Additionally, other reports have shown that inhibition of PP1 and PP2A activities with calyculin A, okadaic acid a selective inhibitor of PP2A, and cantharin causes an inhibition at the level of transcription of key enzymes such as CYP11A1. 32 It is possible that phosphorylation and dephosphorylation events may play a dual-specificity role in the regulation of steroidogenesis under conditions of LTH.
Although the study of phosphoprotein phosphatases was beyond the scope of the present study, this may be an area worthy of future investigation. It is possible that since StAR protein is increased in the LTH adrenocortical cells in vitro, then the phosphorylation state of StAR may have been higher. An increase in the amount of StAR protein would require addition of phosphate groups to drive the activity of the StAR protein. Several studies point to posttranslational modifications such as phosphorylation as being involved in the events leading to steroidogenesis particularly suggesting a regulatory event at the level of StAR protein. [33] [34] [35] [36] For instance, Arakane et al 33 demonstrated in vitro that mutating potential sites of phosphorylation in the StAR protein reduces the capacity of COS-1 cell extracts to incorporate 32 P into StAR protein. The study showed the phosphorylation sites were located at serine 194/195. Furthermore, the work of Orme-Johnson 37 led to the discovery that StAR phosphorylation is initiated as a result of activating the ACTH-cAMP signaling pathway and subsequent phosphorylation of the protein. 38 A unique and unexpected finding of the present studies was that while basal cortisol production in control FACs was relatively constant over the 1 hour incubation period as expected, cortisol production increased in the LTH FACs during the 1 hour incubation period ( Figure 1A ). This observation suggested removal of an inhibitory factor found in vivo, which limits basal cortisol production in these fetuses. Previous studies from Schwartz et al 9 showed that the ACTH precursors POMC and 22-kDa pro-ACTH exert a significant inhibitory action on cortisol synthesis in fetal but not adult adrenocortical cells from sheep. This study provided an indication that the capacity to respond to the ACTH precursors is regulated and unique to the FAC. Since our previous in vivo studies demonstrated enhanced basal plasma concentrations of ACTH 1-39 as well as POMC and 22-kDa pro-ACTH in LTH fetuses, it seemed possible that the capacity to respond to the inhibitory ACTH precursors is enhanced in the LTH FACs. Thus, we hypothesized that POMC and 22-kDa pro-ACTH were the inhibitory factors that were removed in the in vitro setting. 7 To test this hypothesis, we treated FACs from control and LTH fetuses with either ACTH alone or in combination with POMC or 22-kDa pro-ACTH in a manner similar to that previously described by Schwartz et al. 9 In marked contrast to results from the Schwartz study, 9 we found that neither of the peptides had an effect on cortisol biosynthesis in either control or LTH FACs ( Figure 5 ). It is important to point out 2 key differences in their study and the present data. The first is that the majority of adrenals in their studies were collected from animals at an earlier gestational age than those used in the present study (138-141 dG). Given the noted lack of effect of the precursors on cortisol production in the adult adrenocortical cell as noted by Schwartz et al, 9 it is likely that the ovine fetal adrenal becomes insensitive to the inhibitory effects of the ACTH precursors during the final maturational processes that occur in the adrenal cortex as term gestation approaches. Second, the ACTH precursors used in Schwartz's study were purified from pituitaries; while in the present study, the precursors were recombinant ovine POMC and 22-kDa pro-ACTH. Perhaps the purification process used by Schwartz et al, 9 changed the biological activity from the original native molecules or that differences in glycosylation state in the recombinant proteins compared to those of pituitary origin may have altered their bioactivity. In either case, the ACTH precursors had no inhibitory effect in our study. It does not appear, therefore, that the observed enhanced precursor levels in LTH fetuses play a role in the regulation of cortisol biosynthesis during late gestation.
Other factors found in the circulation inhibit glucocorticoid biosynthesis. Yuen et al 39 found that leptin infusion into the ovine fetus had an inhibitory effect on cortisol secretion in vivo. In vitro studies using rat and human adrenal cortical cells also demonstrated that leptin inhibited glucocorticoid production. 40 We previously showed that in vivo, LTH ovine fetuses had plasma leptin levels approximately 3-fold higher than normoxic controls. 41 Perhaps the removal of the higher level of leptin inhibition in vitro allowed greater basal expression of cortisol in the LTH group. This hypothesis is currently under investigation.
In summary, the developing LTH sheep fetus has adapted to the adverse conditions of chronic hypoxia. Data from the present study indicate that the ability of the LTH fetal adrenal to respond to a secondary stressor with enhanced cortisol production is not the result of changes in cAMP, PKA or potential effects of POMC, or 22-kDa pro-ACTH. Steroidogenic acute regulatory protein expression, however, is a likely candidate mediating at least in part, the observed enhanced cortisol biosynthesis in the LTH FACs. Interestingly, the extracellular regulated kinases (ERK1/2) have been shown to regulate cAMP-dependent cortisol production at the level of StAR gene transcription. We have recently shown that inhibition of the MEK/ERK pathway results in significant inhibition of cortisol biosynthesis in FACs. 42 We are currently investigating the role of ERK1/2 in the regulation of StAR in the LTH ovine fetal adrenal.
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